Abstract: Buchner and Curtius first reported the cyclopropanation of arenes in 1885. Since the initial discovery, the Buchner reaction has been the subject of significant research by both physical and synthetic organic chemists. Described herein is a brief overview of the Buchner reaction and related arene cyclopropanation processes, with an emphasis on their application to natural product total synthesis.
Over the past century, the Buchner reaction 1 has become an important method for the preparation of seven-membered rings. Although Buchner originally proposed that the thermolysis of ethyl diazoacetate (1) in benzene provided norcaradiene 2, Doering and co-workers, with the assistance of modern NMR techniques, subsequently characterized the products as a mixture of cycloheptatrienes 4-6 (Scheme 1).
2, 3 We now understand that cycloheptatriene 3 arises from reversible 6p disrotatory electrocyclic ring opening of the initially formed norcaradiene 2, and that compounds 2 and 3 exist in a dynamic equilibrium that heavily favors 3. Under the thermal conditions, [1, 5] -hydride migration results in isomerization of 3 to a thermodynamic mixture of cycloheptatrienes 4-6.
The original report by Buchner 1 and subsequent findings by Doering 2 have sparked volumes of research on the norcaradiene-cycloheptatriene equilibrium. 4 In simple, unconstrained systems the equilibrium lies toward the cycloheptatriene species. 5, 6 However, several elegant studies have determined that a variety of steric 7 and electronic 8 factors may alter this equilibrium to instead favor the norcaradiene. For example, Vogel and co-workers prepared and compared the 1 H NMR spectra of two closely related compounds, 7 and 9 (Figure 1) . 9 Illustrating the influence of geometric constraints on the equilibrium, they found that for the ten-carbon system, norcaradiene 7 predominates; on the other hand, the analogous elevencarbon framework favors the ring-opened cycloheptatriene 10.
Early synthetic applications of the thermal and photochemical Buchner reaction were plagued by poor yields and the formation of isomeric cycloheptatriene products that were difficult to separate. 10 The synthetic utility of this transformation was greatly improved with the advent 4 catalyzes the reaction between ethyl diazoacetate (1) and benzene (13) at room temperature to quantitatively yield cycloheptatriene 3.
12 These results provided the framework for the application of arene cyclopropanation in natural product total synthesis.
Following the early reports of copper and rhodium catalysis, 13 a number of research groups have applied intramolecular variants of the Buchner reaction to the preparation of polycyclic systems containing seven-membered rings. 14 The vast majority of studies reported to date have focused on compounds with two-carbon tethers between the a-diazocarbonyl and the arene (e.g. 14a, Scheme 3); 15 however, some heteroatom linkers have also been pursued. 16 These studies have primarily utilized arenes bearing electron-releasing substituents, as electron-deficient arenes are typically poor substrates for arene cyclopropanation. 14, 17 The interest in aryldiazobutanone substrates such as 14a is fueled in part by the large number of sesquiterpene natural products with bicyclo[5.3.0]decane core structures (e.g. 20, Scheme 4), to which this synthetic methodology provides a convenient entry.
14d Moreover, these substrates do not usually exhibit substantial levels of competing benzylic C-H insertion; as a result, higher yields of the cycloheptatriene products (15a) are observed when compared to the Buchner reactions of the corresponding aryldiazopentane systems (e.g. 14b). As will be discussed later, substrates with three-atom tethers are prone to cyclopentanone formation via C-H insertion. 18 In an early demonstration of the utility of the Rh-catalyzed intramolecular Buchner reaction, McKervey and Kennedy reported that exposure of a-diazo ketone 16 to catalytic Rh 2 (mandelate) 4 quantitatively provided a mixture of norcaradiene 17 and cycloheptatriene 18.
19 Although norcaradiene 17 was the major species observed by 1 H NMR spectroscopy, chemoselective reduction of the equilibrating mixture allowed for isolation of cycloheptatriene 19 in 77% yield as a mixture of diastereomers. Cycloheptatriene 19 was subsequently advanced in several steps to (±)-confertin A (20).
In their synthesis of hainanolidol (24), Mander and coworkers employed an intramolecular arene cyclopropanation reaction to access a 5,7-fused ring system in a considerably more complex setting (Scheme 5). 20 Treatment of a-diazo ketone 21 with catalytic Rh 2 (mandelate) 4 resulted in arene cyclopropanation followed by electrocyclic ring opening to give an unstable cycloheptatriene. Immediate exposure to DBU resulted in isomerization of the olefin to give the more stable and thermodynamically preferred enone 23. Tricycle 23 was advanced in seven steps to hainanolidol (24) . 21 Although the yields of metal-catalyzed intramolecular Buchner reactions are highly sensitive to both the substrate and the catalyst, the following reactivity trends have emerged from the collective research of several laboratories: 14 (1) rhodium catalysts promote Buchner reactions at lower temperatures than copper catalysts; 12 (2) in systems where C-H insertion is disfavored, rhodium catalysts typically provide higher yields than copper catalysts; 15 (3) for 
Scheme 3 rhodium catalysts, electron-deficient ligands favor arene cyclopropanation, whereas electron-rich ligands favor C-H insertion; 17 (4) ortho-substituted aryldiazobutane substrates undergo arene cyclopropanation at the less substituted site; 15 (5) doubly stabilized diazo substrates (e.g. adiazo-b-keto esters) generally favor C-H insertion over arene cyclopropanation. undecanes. This is likely due to the increased propensity for metal-carbenoid insertion into the activated benzylic C-H bonds of the corresponding substrates (e.g. 14b, Scheme 3). For aryldiazobutane substrates, the strain incurred during cyclobutanone formation disfavors C-H insertion processes; alternatively, it is well known that C-H insertion to give five-membered rings is highly favorable. 22 The competition between C-H insertion and arene cyclopropanation is clearly illustrated by Mander and co-workers' studies of tetralin 2-diazomethyl ketones (25, Table 1) . 23 Of note, due to the geometric constraints of these systems, the norcaradiene valence tautomer 26 is favored. These studies revealed that the yields of arene cyclopropanation are highly dependent on both the catalyst and the arene substitution pattern. In general, rhodium catalysts provided mixtures of norcaradiene 26 and cyclopentanone 27, sometimes favoring 27. Alternatively, copper catalysts provided lower overall yields, but delivered better selectivity for the norcaradiene (Table 1, 
entries 2, 4, 6).
Mander subsequently utilized this methodology as part of a cascade reaction sequence in an elegant total synthesis of gibberellin GA 103 (31, Scheme 6). 24 Treatment of a-diazo ketone 28 with Cu(acac) 2 in refluxing dichloroethane provided unstable norcaradiene 29, which was trapped in situ by addition of 3-methylfuran-2,5-dione to deliver polycycle 30. This remarkable sequence proceeded in 75% yield over two steps. Polycycle 30 was subsequently elaborated in 12 steps to GA 103 .
In 2008, salvileucalin B (32, Scheme 7), an unusual cytotoxic diterpenoid natural product containing a norcaradiene core, was isolated from the plant Salvia leucantha. 25 Intrigued by the fascinating structure, our research group initiated a total synthesis effort in which the central norcaradiene of 32 was envisioned to arise from an arene cyclopropanation reaction of an a-diazocarbonyl of the general structure 34. From the outset, we recognized that the fully substituted cyclopropane of salvileucalin B was a particularly challenging motif to access by arene cyclopropanation; indeed, despite years of research, there was no precedent for similar transformations. In addition, Mander's studies on the cyclopropanation of tetralin 2-diazomethyl ketone derivatives clearly illustrated that in systems where five-membered ring formation is possible, Scheme 5 Mander and co-workers employed an intramolecular Buchner reaction of a highly functionalized substrate in their synthesis of hainanolidol (24 
C-H insertion competes with arene cyclopropanation (see Table 1 ). Moreover, several studies have demonstrated that doubly stabilized diazo compounds (such as those we envisioned utilizing in the synthesis of 32) are exceptionally prone to C-H insertion. 18 In order to identify conditions to promote intramolecular arene cyclopropanation reactions of substrates related to salvileucalin B, model substrate 35a was prepared (Table 2) . 26 Consistent with Mander's findings, rhodium catalysts provided low yields of the desired norcaradiene 36a, instead favoring the formation of isomeric C-H insertion products. 27 On the other hand, copper catalysts gave improved yields of 36a, with Cu(tfacac) 2 in refluxing dichloroethane providing the best results ( Table 2 , entry 5).
Although the formation of norcaradiene 36a was promising, it was considered critical to utilize an a-diazocarbonyl substrate that provided direct access to a fully substituted cyclopropane product. Unfortunately, the use of a-diazoethyl ketone 35b or a-diazo-b-keto ester 35c in conjunction with a variety of either rhodium or copper catalysts provided only trace quantities of the corresponding norcaradiene products. 28 Instead, the major products were a mixture of isomeric cyclopentanones resulting from C-H insertion, even when copper catalysts were used. The significant drop in yield observed when switching from the a-diazomethyl ketone to a-diazoethyl ketone, which are similar in their electronic properties but differ in their steric profile, suggested that less sterically encumbered substrates may provide improved yields of norcaradiene 36. Based on these considerations, a-diazob-keto nitrile 35d was prepared. In the event, exposure of 35d to 10 mol% of Cu(hfacac) 2 provided norcaradiene 36d in good yield. Notably, a-diazo-b-keto nitriles require high temperatures to undergo dediazotization with copper catalysts; in the case of 35d → 36d, the best yields were observed when heated for short periods to 120°C using microwave irradiation. Nonetheless, norcaradiene 36d represents the first example of a fully substituted cyclopropane that is formed through an intramolecular arene cyclopropanation reaction.
Based on these promising results, a substrate bearing a pendant furan group was prepared (37, Scheme 8). 29 Exposure of a-diazo-b-keto nitrile 37 to Cu(hfacac) 2 in dichloromethane with heating to 120°C in a microwave reactor for one minute delivered norcaradiene 38 in 65% yield. Norcaradiene 38 was advanced to salvileucalin B in five additional steps. Notably, these studies revealed that norcaradiene carboxaldehyde 39 undergoes a facile retroClaisen rearrangement to furnish a highly unstable vinyl ether product 40. Consistent with Boeckman and coworkers' findings that retro-Claisen rearrangements of vinyl cyclopropanecarboxaldehydes are typically reversible, 30 exposure of vinyl ether 40 to DIBAL-H at -40°C delivered primary alcohol 41, the result of kinetic reductive trapping of putative aldehyde 39. Subsequent Pd-catalyzed carbonylative cyclization and chemoselective allylic oxidation provided the natural product. As highlighted in this Account, the intramolecular Buchner reaction has proven to be a useful transformation in the context of natural product total synthesis. Although these synthetic endeavors have driven methodological advances in arene cyclopropanation, there are still several challenges that remain. In particular, despite tremendous advances in the catalytic asymmetric cyclopropanation of alkenes, the corresponding enantioselective arene cyclopropanations remain narrow in scope and modest in selectivity. 32 We anticipate that the Buchner reaction will continue to find application in synthesis and inspire innovation in methods development for years to come. 
